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Summary
Objective: A major clinical problem in Orthopaedics is the repair of traumatic articular cartilage lesions. The MRL/MpJ strain of mice has the
remarkable ability to regenerate ear hole punch wounds seamlessly including the scarless replacement of multiple tissues. The objective of
this study was to assess whether articular cartilage defects repair or regenerate in the MRL/MpJ ‘healer’ strain of mice.
Method: Full thickness and partial thickness lesions were introduced into trochlear groove articular cartilage of MRL/MpJ and C57Bl/6 mice,
a control strain that does not undergo ear hole regeneration. The wound sites were assessed 6 weeks and 12 weeks post-surgery using a his-
tological scoring scheme and immunohistochemistry for markers of articular cartilage including proteoglycan, collagen II and collagen VI.
Results: The partial thickness lesions did not repair in either strain. However, at both 6 weeks and 12 weeks timepoints the MRL/MpJ mice had
a superior healing response of full thickness lesions with abundant chondrocytes and an extracellular matrix rich in proteoglycan, collagen II
and collagen VI at the wound site. At the 12 week timepoint the enhanced cartilage healing was restricted to male MRL/MpJ mice. In contrast,
the C57Bl/6 control strain produced an extracellular matrix at the wound site that, overall, had signiﬁcantly less matrix proteoglycan and
collagen II.
Conclusions: Male MRL/MpJ mice appear to possess an intrinsic ability to ‘regenerate’ articular cartilage. Understanding the biochemical and
genetic basis for articular cartilage regeneration may open up new treatment options for traumatic articular cartilage defects.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Traumatic articular cartilage lesions heal poorly and typically
lead to cartilage degeneration and osteoarthritis1. In the past,
clinical options for patients with cartilage defects were limited
to symptomatic treatment until qualiﬁcation as candidates for
osteotomy or total joint replacement. In recent years, treat-
ments that attempt to repair or restore the cartilage lesion
have been developed. These include the reparative micro-
fracture technique2, and restorative approaches such as
osteochondral auto/allografts, autologous chondrocyte
implantation, and osteochondral transplant systems. In
general, these approaches, although an advance on previ-
ous treatments, have provided variable and unpredictable
results3e7. Present experimental approaches involve using
tissue engineered cartilage or artiﬁcial scaffolds, which
attempt to deliver various combinations of chondrogenic
stimulating factors and chondroprogenitor cells to the
lesion8,9. While these approaches are promising, they are
some time off from clinical use. Hence, there is a great clinical
need for new approaches and therapies.*Address correspondence and reprint requests to: Dr Jamie
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1319Tissue regeneration involves the complete replacement
and structural/functional restoration of damaged tissues
and organs. Regeneration exists in a limited number of ver-
tebrate species including some ﬁsh and amphibians (for re-
view see Ref. 10). In mammals, several instances of tissue
and organ regeneration have been documented. For exam-
ple, corneal incisions heal without scarring11 and deer re-
place antlers annually12. A dramatic and well-studied
example is cutaneous wound healing in early to mid-gesta-
tion embryonic skin. This process is characterized by mini-
mal inﬂammation and complete restoration of normal skin
including recapitulation of hair follicles, glands, capillaries
and collagen networks (reviewed by Ref. 13). Recently,
another example of mammalian organ regeneration was de-
scribed14,15. In the MRL/MpJ strain of mice, 2-mm through-
and-through ear hole punches close over seamlessly within
a fewweeks. This is in contrast to all othermice strains tested
where scar tissue forms around the wound edge and the
holes fail to close completely. Notably, rabbits also have
the capacity to close ear hole wounds16. In the MRL ‘healer’
mice, re-epithelialization of the wound edge is rapid, leading
to a grossly thickened epithelial layer compared to the control
strain. In addition, increased angiogenesis, cell proliferation,
matrix formation and ﬁbroblast migration occur in tissue
repair in the MRL/MpJ strain compared to the control
C57Bl/6 strain. In the weeks following wounding, the MRL
ear hole shows progression towards full closure with hair
Fig. 1. Anatomical location of full thickness lesion (circle) and partial
1320 J. Fitzgerald et al.: Articular cartilage regeneration in MRL/MpJ micefollicles and sebaceous glands in the new growth areas, and
by 12 weeks cartilage islands begin to form14. The ear hole
closure model in MRL mice is of great interest because the
accelerated repair process shares several similarities with
the epimorphic regeneration seen in lower vertebrates, with
rapid re-epithelialization and a subsequent thickened epithe-
lium, followed by blastema formation. Regeneration has also
been demonstrated in other cell types in theMRL/MpJ strain;
in alkali-burned corneas17, digit tips18 and cryo-injured
heart19,20. In contrast, heart repair was not seen in a model
of myocardial infarction21 and healing with scar formation
was observed following a skin incision22,23 in MRL mice.
Thus, MRL mice are capable of regenerating multiple cell
and tissue types although scarless healing is not universal
in this strain. The limits to regeneration in these mice have
yet to be fully explored.
A number of genetic linkage studies have clearly demon-
strated that ear hole closure has a genetic basis. Further-
more, it is a complex genetic trait with contributions from
approximately 20 quantitative trait loci (QTLs)24e26. A sur-
prising ﬁnding from these studies was a strong sexual
dimorphism in the rate of ear hole closure and the QTLs
that contribute to it26,27.
In an effort to establish new approaches for the treat-
ment of cartilage defects in humans we studied whether
MRL/MpJ mice have a superior ability to repair articular
cartilage lesions. Consistent with the tissue regeneration
reported in the MRL/MpJ ear hole model we report that
the MRL/MpJ strain does indeed possess a capacity to
regenerate articular cartilage following a full thickness
lesion.thickness laceration (line) in the trochlear groove. The joint capsule
of the right hindlimb was opened and the patella subluxated to the
left to expose the trochlear groove. The full thickness defect wasMaterial and methodsmade on the proximal part of the trochlear and the partial thicknessCARTILAGE LESIONS
lesion distal to this.
Table I
Numbers of mice in each experimental group. Breakdown of mice
for each strain, sex and timepoint post-surgery. Numbers of mice
subjected to an ear hole punch at the time of surgery are also
shown
Strain Gender N Ear/no ear Time (weeks)
MRL/MpJ Male 7 7/0 6
MRL/MpJ Female 11 11/0 6
C57Bl/6 Male 6 6/0 6
C57Bl/6 Female 12 12/0 6
MRL/MpJ Male 32 17/15 12
MRL/MpJ Female 22 12/10 12
C57Bl/6 Male 24 14/10 12
C57Bl/6 Female 31 18/13 12
Total 145MRL/MpJ and C57Bl/6 male and female mice, obtained from Jackson
Laboratories, were 8 weeks old at the time of surgery. This timepoint
was selected because it is a standard timepoint for knee joint surgery in
mice since the trochlear groove is of adequate size at this age28e30. Two
different types of cartilage wounds in the trochlear groove of the right
limb of each experimental animal were assessed for healing (see Fig. 1).
The ﬁrst wound was a full thickness lesion that penetrated the underlying
bone. The second type of wound, made in a different region of the same
limb, was a transverse partial thickness laceration. See Table I for break-
down of mice numbers in each experimental group. Brieﬂy, the mice
were anaesthetized by an intraperitoneal injection of Avertin (2% tribro-
meoethanol) (17 ml/g) or isoﬂurane (4% initially, then maintained at
1.5e2%), the hair clipped over the right knee, skin disinfected and the an-
imal placed under a dissecting microscope and the leg draped. A small
(w0.5e1 cm) medial para-patellar skin incision was made, the joint capsule
opened and the patella luxated laterally to expose the trochlear groove
articular surface. For the full thickness lesion a circular defect was made
in the cartilage with a 27G needle using a circular motion until the sub-
chondral bone was reached. Penetration of the sub-chondral bone was
conﬁrmed by the appearance of blood following removal of the needle.
Loose articular cartilage was then removed and the lesion ﬂushed with ster-
ile 0.9% saline. Since the diameter of a 27G needle is 0.4 mm and a circular
drilling motion was used to create the lesion, the size of the defect is ap-
proximately 0.6e0.8 mm in diameter. In addition, a transverse cartilage lac-
eration that did not penetrate the sub-chondral bone was made with an
ophthalmic scalpel distal to the full thickness lesion in the same knee
(Fig. 1). No cartilage was removed from the partial thickness lesion. The
joint capsule was closed with absorbable suture (8/0 Vicryl, Ethicon) in
a simple continuous pattern. Subcutaneous tissue was apposed with a sin-
gle mattress suture and the skin closed with tissue glue (VetBond). The
mice were allowed to recover in clean, sawdust-lined boxes on a heated
pad. The mice were fully weight bearing within 1 h of surgery and showed
no evidence of lameness or systemic effects for the duration of the exper-
iment. The mice were housed in same-sex groups of four (male) or ﬁve
(female) mice per cage for each strain.
A 2-mm through-and-through hole was made in the central portion of the
right ear of some mice at the time of surgery using a metal thumb punch.
Ears were dissected out at the time of culling, parafﬁn embedded and
photographed.PREPARATION OF JOINTS FOR ANALYSISLesions were assessed 6 weeks and 12 weeks post-surgery. At the ap-
propriate timepoint the animals were sacriﬁced, the right knees dissected
and surrounding connective tissue removed. The knees were then placed
immediately into 10% neutral-buffered formalin and ﬁxed overnight at 4C
on a rocking platform. The knees were decalciﬁed in 5% formalin containing
10% formic acid for 2 days at 4C. Following decalciﬁcation, the samples
were placed in 1 phosphate-buffered saline (PBS) containing 0.01-M ethyl-
enediaminetetraacetic acid (EDTA) at room temp for 4e6 h and then stored
in 70% ethanol. Knees were parafﬁn embedded, mounted in parafﬁn blocks
and serial sagittal sections cut (6 mM) using standard methods. For experi-
ment #1 the knees were sectioned entirely. For experiments #2 and 3 the
knees were bisected down the trochlear groove following decalciﬁcation us-
ing a razor blade. Both cut halves were then sectioned until the lesion was no
longer apparent.
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Cell morphology score
Hyaline cartilage 4
Mostly hyaline cartilage 3
Mostly fibrocartilage 2
Mostly non-cartilage 1
Non cartilage only 0
Matrix staining (toluidine blue)
Normal 3
Slightly reduced 2
Markedly reduced 1
No staining 0
Surface regularity
Smooth – 100% to 75% 3
Moderate – 50% to 75% 2
Irregular – 25% to 50% 1
Severely irregular 0
Thickness of cartilage
> 2/3 depth 2
½ to 2/3 depth 1
<1/2 depth 0
Integration with native cartilage
Both edges integrated 2
One edge integrated 1
Neither edge integrated 0
*
Fig. 2. Analysis of articular cartilage lesions at 6 weeks timepoint. (A) Representative sagittal sections of full thickness lesions from four C57Bl/
6 (left) and MRL/MpJ (right) mice stained with toluidine blue for proteoglycan. The MRL mice have signiﬁcant proteoglycan deposition com-
pared to the C57Bl/6 control strain. (B) Mean and standard deviation of total histological score for full thickness cartilage lesions in MRL/MpJ
and C57Bl/6 male and female experimental groups. The worst area of the central part of the lesion that could be found in serial sections of
each mouse was scored. Female MRL mice scored signiﬁcantly better than MRL males (P¼ 0.04, ManneWhitney U test) and both male and
female C57 mice. The scoring matrix used for assessment of the full thickness lesions is shown below Fig. 2(B).
1321Osteoarthritis and Cartilage Vol. 16, No. 11SCORING OF KNEE SECTIONSScoring was done by two observers blinded to section identity on the cen-
tral part of the lesion [i.e., the sections having the worst of any or all of the
ﬁve parameters (described below) compared to the immediate ﬂanking sec-
tions] found in serial sections of each mouse. The two observers’ scores
were averaged for individual parameters as well as for the total histological
score. The resulting mean scores for all MRL/MpJ and C57Bl/6 joints were
compared using the ManneWhitney U test for unpaired non-parametric
data. The total histology score represents an assessment of the quality of
the extracellular matrix at the wound site, and is the sum of individual scoring
parameters including cell morphology (0e4), proteoglycan (toluidine blue)
staining (0e3), cartilage thickness (0e2), surface regularity (0e3) and extent
of integration of new matrix with matrix ﬂanking the wound (0e2), as previ-
ously described31 (see Fig. 1). The higher the total histology score (out of
a maximum of 14) the better the cartilage repair. Partial thickness lesions
were scored from 0 to 4 with 0¼ full width and depth cleft, 1¼ cleft to 2/3
depth of cartilage, 2¼ intact surface with complete loss of toluidine blue
staining OR broken surface with moderate loss of staining, 3¼ intact surface,
matrix with slight loss of staining and 4¼ intact surface and normal staining.HISTOLOGICAL AND IMMUNOHISTOCHEMICAL ANALYSISFollowing dewaxing every second slide was stained in a 0.03% tolui-
dine blue solution for 5 min and the unstained sections reserved forimmunohistochemistry for collagen II or collagen VI. Deparafﬁnized sagittal
knee sections from MRL/MpJ or C57Bl/6 mice were rehydrated and blocked
with 5% (w/v) bovine serum albumin (BSA) (Fraction V; Fisher) for 30 min.
After blocking, the sections were digested with 1-mg/ml Protease (S. griseus;
Sigma) dissolved in 1 PBS for 30 min for collagen II staining followed by
incubation for 1 h with mouse anti-chick collagen II (II-II6B3; Developmental
Studies Hybridoma Bank) or mouse anti-human collagen VI (mAb 1944; epi-
tope 3C4) diluted 1:100 in 1% BSA. Some sections were labeled with sec-
ondary antibody only as a negative control. The bound anti-collagen II and
anti-collagen VI antibodies were detected using ﬂuorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG (MP Biomedicals) diluted 1:200 in
1% BSA. Sections were then mounted in 40,6-diamidino-2-phenylindole
(DAPI)-infused antifade mounting media (Prolong Gold with DAPI; Invitro-
gen) and visualized via ﬂuorescent microscopy.
Results
To assess the ability of MRL/MpJ mice to undergo artic-
ular cartilage ‘regeneration’, full and partial thickness le-
sions were introduced into the hindlimbs of MRL/MpJ and
a control (C57Bl/6) strain of mice. Lesions were assessed
6 weeks (n¼ 36) and 12 (n¼ 109) weeks post-surgery.
See Table I for the breakdown of experimental groups ac-
cording to timepoint, sex and strain.
1322 J. Fitzgerald et al.: Articular cartilage regeneration in MRL/MpJ miceANALYSIS OF FULL THICKNESS CARTILAGE WOUNDSAt the 6 weeks timepoint, full thickness lesions in the
MRL/MpJ mice contained proteoglycan as shown by tolui-
dine blue staining of the wound site [Fig. 2(A)]. Proteogly-
can was present in ‘islands’ surrounding clusters of
rounded chondrocyte-like cells which had populated the
lesion, separated by regions that lacked proteoglycan.
C57B/l6 lesions contained fewer chondrocytes and less
proteoglycan. The total histological score for the 6 week
mice indicated that overall the MRL/MpJ mice had signiﬁ-
cantly better tissue repair than the control strain [Fig. 2(B),
P¼ 0.01]. However, the healing was sexually dimorphic,
with female MRL/MpJ mice demonstrating higher histologi-
cal scores compared to male MRL/MpJs (P¼ 0.04). When
compared on a gender basis, only female MRLs scored
signiﬁcantly better than their C57Bl/6 counterparts.
At the 12 weeks timepoint the majority of both male and
female C57Bl/6 control mice failed to elaborate a proteogly-
can-positive extracellular matrix at the wound site [Fig. 3(A)
and (B), panel c]. In addition, the lesions had signiﬁcantly
less collagen II and collagen VI deposition, important struc-
tural components of healthy articular cartilage [Fig. 3(B)]. In
contrast, in the majority of male MRL mice a more complete
proteoglycan-rich matrix populated with small round chon-
drocyte-like cells was evident (Fig. 3, panel b and under
higher power in panel l). In addition, the regenerative tissue
contained higher levels of collagen II [Fig. 3(B), panel e] and
collagen VI (panel i). The extent of collagen II and collagen
VI staining in the lesion matched that of toluidine blue stain-
ing and was similar to the ﬂanking, unwounded cartilage. In
contrast, in the C57Bl6 lesions proteoglycan [Fig. 3(B),
panel c], collagen II (panel f) and collagen VI (panel j)
was absent from the lesion. Interestingly, there was a differ-
ence between male and female MRL/MpJ mice in that
female MRL/MpJ mice were histologically similar to the
C57Bl/6 male and female mice and healed poorly.
The total histological scores in female C57Bl/6 and MRL/
MpJ mice at 12 weeks [Fig. 3(C)] were signiﬁcantly lower
(i.e., poorer repair) than at 6 weeks (P< 0.01 for both anal-
yses). However, the scores for male mice (both C57Bl/6
and MRL/MpJ) had not signiﬁcantly deteriorated between
6 weeks and 12 weeks. At 12 weeks male MRL/MpJs had
higher scores, indicative of superior chondrogenesis com-
pared with female MRL/MpJs (P< 0.01), which healed as
poorly as the male and female C57Bl/6 mice [Fig. 3(C)].
To accurately reﬂect the variation in healing between the
experimental groups, the mean total histology scores
were arrayed as a boxplot [Fig. 3(D)]. Although all groups
contained individual mice that had relatively high or low his-
tological scores, the MRL males had better healing in more
mice as reﬂected in the signiﬁcantly higher median score.
When the individual parameters of the histology scoreFig. 3. Analysis of full thickness cartilage lesions 12 weeks following surge
three C57Bl/6 (left) and MRL/MpJ (right) mice stained with toluidine blue.
with the C57Bl/6 control strain, which in the majority of mice have no meta
ness lesions from MRL/MpJ (panels b, e, i) and C57Bl/6 mice (panels c, f,
with secondary antibody only serve as controls (panels g, k). Sections wer
II and collagen VI. The MRL/MpJ mice have extensive proteoglycan, coll
C57/Bl6 control strain. Panels aeg, k are 10 and panels h, i, j are 20. P
MpJ lesion. Note the abundance of chondrocyte-like cells in the lesion. (C)
ness cartilage lesions. (D) Median, maximum score, minimum score and 2
group. Although there is variation within experimental groups the MRL ma
for full thickness cartilage lesion. MRL males are signiﬁcantly better heale
wounded site was similar in all experimental groups. The P-values for e
males are shown in the tawere examined, it was clear that the male MRL/MpJ mice
had better cell morphology and matrix staining compared
with all other experimental groups [Fig. 3(E)]. All experimen-
tal groups scored equally well for the integration of repair
tissue with the host tissue.
To assess whether the extent of articular cartilage healing
was altered by a concurrent wound, approximately half of
the mice of each strain and sex were ear hole punched at
the time of knee surgery (see Table I). There was no signif-
icant difference in healing in the mice that received the ear
hole punch compared to those mice that were not ear hole
punched for MRL/MpJ males (P¼ 0.54, ManneWhitney U
test) and females (P¼ 0.08) and C57Bl/6 females
(P¼ 0.09). In the C57Bl/6 males, however, the articular car-
tilage of mice that were ear punched healed more poorly
than those mice that were not subjected to the second, con-
current injury (P¼ 0.013).ANALYSIS OF PARTIAL THICKNESS LESIONPartial thickness laceration wounds to the cartilage at 6
weeks and 12 weeks were evident as linear defects projec-
ting into the plane of the section with variable loss of tolui-
dine blue staining and variable loss of cells [Fig. 4(A)].
There was no difference in the histological score between
strains, sexes or with time after surgery, indicating a failure
of the cut margins to integrate [Fig. 4(B)].CORRELATION BETWEEN EAR HOLE AND CARTILAGE
REGENERATIONTo conﬁrm that the MRL/MpJ strain obtained for these
studies undergoes regeneration as reported, 2-mm
through-and-through ear hole punches were made at the
time of knee surgery. After 12 weeks, the perimeter of
C57Bl/6 ear holes contained acellular scar tissue and the
holes were similar to their original size with a mean diameter
of 1.79 mm [Fig. 5(A)]. In contrast, the MRL/MpJ ear holes
had closed substantially with a mean diameter of 0.68 mm,
which was signiﬁcantly less than the C57 mice
(P¼ 0.0002). In several mice the ear holes closed com-
pletely. The MRL/MpJ ear holes had irregular margins with
no scar tissue and contained extensive regenerated tissue
including skin, hair follicles and blood vessels. To assess
whether there was a correlation between ear hole closure
and articular cartilage healing, the extent of ear hole closure
and histological score for articular cartilage healing was com-
pared between strain and gender [compare Fig. 5(B) with
Fig. 3(C)]. As expected, male and female C57Bl/6 mice
had low histology scores and very little ear hole closure.
Male MRL/MpJ mice showed the opposite, with extensive
ear hole closure and high articular cartilage repair histologyry. (A) Representative sagittal sections of full thickness lesions from
The MRL mice have extensive proteoglycan deposition compared
chromatic staining. (B) Representative sagittal sections of full thick-
j). Non-operated C57Bl/6 mice (panels a, d, h) and sections stained
e stained for the presence of proteoglycans (toluidine blue), collagen
agen II and collagen VI deposition in the lesion compared with the
anel l is a higher power image (40) of proteoglycan stained MRL/
Mean and standard deviation of total histological score for full thick-
5th and 75th percentile of total histology data for each experimental
le group clearly heals better overall. (E) Individual parameter scores
rs in four out of ﬁve parameters. Integration with native cartilage at
ach individual parameter for MRL males vs MRL females and C57
ble below the graph.
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4 = Fully healed and filled with hyaline cartilage
3 = Intact surface, matrix with slight loss of tol blue, no clefts
2 = Intact surface with severe loss of tol blue OR broken
surface only, matrix with moderate loss of tol blue
1 = Cleft to 2/3 depth
0 = Full width and depth cleft.
Fig. 4. (A) Representative sagittal section of partial thickness carti-
lage lesions at 12 weeks after surgery stained with toluidine blue.
(B) Mean and standard error of the mean (S.E.M.) of total histological
score for partial thickness cartilage lesions 6 weeks and 12 weeks
after surgery. There was poor healing of cartilage laceration in both
strains and no change in healing between sexes or with post-
operative time.
1324 J. Fitzgerald et al.: Articular cartilage regeneration in MRL/MpJ micescores. However, surprisingly, female MRL/MpJ mice had
low repair histology scores (similar to C57Bl/6 mice) but con-
siderable ear hole closure (similar tomaleMRL/MpJmice) in-
dicating that, at least for this experimental group, the extent of
ear hole regeneration is not correlated with the extent of artic-
ular cartilage regeneration. Furthermore, when individual ear
hole measurements and histological scores from male MRL/
MpJ mice and all C57Bl/6 mice were subjected to linear
regression analysis there was only a poor correlation
(r2¼ 0.32) between the two indices, further indicating that,
on an individual basis, ear hole closure is not a good surro-
gate marker for articular cartilage regeneration.Discussion
The MRL/MpJ strain of mice has been shown to undergo
scarless healing following wounds made in heart, cornea
and through-and-through ear hole punches14,15,17,19. Based
on these studies we designed a study to assess whether
articular cartilage lesions, which are notoriously poor at heal-
ing, could repair or ‘regenerate’ in thesemice. Themajor ﬁnd-
ing of this study is that articular cartilage healing of full
thickness lesions is signiﬁcantly better in MRL/MpJ com-
pared with the control strain of mice. By 12 weeks the wound
site in MRL/MpJ mice contained abundant round chondro-
cyte-like cells and toluidine blue-stained proteoglycan.Collagen II and collagen VI were present in the lesion with
a staining pattern that was highly similar to that of the ﬂanking
healthy articular cartilage. In contrast, in the majority of con-
trol mice, the lesions contained few chondrocytes and little
proteoglycan, collagen II and collagen VI. These data indi-
cate that the MRL/MpJ male mice underwent superior articu-
lar cartilage healing at thewound site compared to the control
C57Bl/6 strain suggesting that cartilage ‘regeneration’ had
taken place in the MRL/MpJ mice.
Interestingly, the cartilage repair response in MRL/MpJs
was sexually dimorphic. While both sexes showed im-
proved healing at 6 weeks, only male MRL/MpJs main-
tained better healing at 12 weeks. Females failed to
progress to further healing. There could be many reasons
for this but one possibility is that it is due to estrogen-related
regulation of matrix metalloproteinase (MMP) activities 32,33.
In one study in mesangial cells, estradiol was found to in-
crease MMP-2 levels by increasing transcription factor acti-
vator protein-2 (AP-2)33. Conversely, the reason for better
healing in male MRL/MpJ mice at 12-wks is not known
but could be associated with differences in exercise in
that group-housed male mice are likely to be more active/
mobile than females34. In a previous study in rats, full thick-
ness cartilage lesions showed some improvement in
healing at 4 weeks but not 8 weeks in intermittently exer-
cised animals35. It will be important to understand the time-
frame of articular cartilage healing. Future studies will follow
MRL/MpJ mice for up to 12 months to assess whether the
cartilage ‘regeneration’ continues or whether it deteriorates,
as was the case with the MRL/MpJ females.
Genetic studies have identiﬁed a strong sexual dimor-
phism in MRL/MpJC57Bl/6 crosses in both the ear hole
healing trait and the QTLs that control it26,27. In these stud-
ies, male MRL/MpJ mice closed holes less well than female
MRL/MpJ mice. Male castration improved the healing
response, implicating androgens as modulators of healing
in addition to genetic factors. Gender bias has been
observed for several other skeletal traits in mice including
bone mass36,37. It is noteworthy that in rabbits the healing
of 1-cm ear holes demonstrated the opposite effect, with
ear holes closing faster in males than in females38,39.
Our data also suggest that the genetic factors that control
ear hole closure and articular cartilage regeneration may
not be identical. In male MRL/MpJ mice and all C57Bl/6
mice, the average extent of healing was correlated with
the mean ear hole closure. However, the clear exception
to this relationship is the female MRL/MpJ experimental
group, which had poor cartilage healing but robust ear
hole closure. This failure to correlate cartilage and ear
hole regeneration is surprising and may suggest that fe-
male-speciﬁc genetic, or other factors such as exercise,
override the major genetic inﬂuences that contribute to artic-
ular cartilage regeneration (but not ear hole regeneration).
Experiments that manipulate levels of sex hormones such
as orchiectomy or avariectomy may be required to explain
these gender differences in MRL/MpJ articular cartilage re-
generation. In light of the gender differences in cartilage
healing and the lack of correlation with ear hole regenera-
tion, we speculate that the relative contribution of individual
QTLs to articular cartilage healing is different than the QTLs
that contribute to ear hole healing. This implies that the
genetic loci data generated using ear hole repair as a read-
out will not be informative in the quest to identify genes
responsible for articular cartilage regeneration.
Our ﬁnding that repair only occurs in the lesion that pen-
etrates the sub-chondral bone, and not the partial thickness
lesion, suggests that bone marrow factors or possibly
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Fig. 5. Analysis of ear hole closure in MRL/MpJ and C57bl/6 mice 12 weeks post-surgery. (A) Representative examples of ear hole closure
from three C57Bl/6 (above) and MRL/MpJ (below) mice. (B) Mean and standard deviation of ear hole closure of all experimental groups of
operated mice (in mm). When compared by strain C57 ear holes did not close appreciably while MRL ear holes were signiﬁcantly smaller
(P¼ 0.0002).
1325Osteoarthritis and Cartilage Vol. 16, No. 11circulating factors derived from the immune system are im-
portant for improved cartilage healing. Circulating factors
and/or cells have been implicated in the ear hole model in
the MRL/MpJ mice. Mice primed with a prior ear hole punch
closed a second wound that was made 30 days later faster
even if the second wound was made on the contra-lateral
ear. This ﬁnding suggests the involvement of systemic com-
ponents40. We found that for MRL/MpJ and female C57Bl/6
mice, concurrent ear hole punches failed to enhance the
healing of articular cartilage wounds. The exception to this
was in the C57Bl/6 males where cartilage healing was
poorer in animals that received the ear hole punch com-
pared to animals that received knee surgery alone. The rea-
son for this is not known but may reﬂect enhanced
stimulation of the immune system caused by the additional
wound in these mice.
The MRL/MpJ strain has been reported to have an im-
paired inﬂammatory response41. In support of the hypothe-
sis that the balance between pro- and anti-inﬂammatory
factors is altered in MRL/MpJ mice is a recent study using
a post-traumatic arthritis model42. MRL mice had lower cir-
culating levels of the pro-inﬂammatory cytokine interleukin
1 alpha (IL1a) and higher levels of anti-inﬂammatory cyto-
kines compared to C57Bl/6 mice42. Whether similar effects
are observed in our model of articular cartilage repair in
MRL mice is currently under investigation.
As more tissues are examined it is increasingly apparent
that the MRL/MpJ mouse strain is an extremely useful
model for studying tissue regeneration in mammals. A ma-
jor advantage of the MRL/MpJ mice over other regenerationmodels is the genetic tractability of mice. This allows the
possibility of elucidating the genetic basis of regeneration
and devising new treatments for a range of tissue injuries.Conﬂict of interest
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